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Introduction

Polycyclic aromatic compounds (PAC) have been determined in the
gas and particulate effluents from fluidized bed combustion of coal,
lignite, and o0il shale by a number of investigators. A bibliography
of the reports of these investigations is contained in a paper by
Chiu, Walsh, Beer, and Biemann (1683). The concentrations of PAC in
the effluents are often quite low, but depend upon the combustor
configuration and operating conditions. The goal of the present
investigation is to develop a mechanism consistent with measured rates
of formation and destruction of PAC in atmospheric pressure fluidized
bed combustion (AFBC), so that a rational approach may be taken to
ad justment of conditions for minimization of PAC in the effluents.
PAC are determined in saemples taken from the freeboard (space above
the bed), rather than from the exhaust, to observe the evolution of
the PAC distribution within the combustor. Mass fractions of the most
abundant PAC observed in the freeboard during AFBC of high volatile
bituminous coal were reported by Chiu, et al (1983). Some correlation
of the rates of disappearance of PAC with particle concentration was
noted by Dutta, Chiu, Walsh, Beér,and Biemann (1983). In the present
paper theoretical estimates of the rates at which PAC might be con-
sumed by heterogeneous reactions are compared with experimental rates
estimated from PAC profiles determined by Chiu et al (1983).

Experimental

The PAC were determined in samples taken in the MIT AFBC Research
Facility. A detailed description of the facility may be found in a
report by Beér, Sarofim, Sandhu, Andrei, Bachovchin, Chan, Chaung, and
Sprouse (1981). The combustor has a square cross section 0.6 m x 0.6
m and a height, from the combustion air distributor to the outlet, of
4.4 m. Previous publications describe the procedures used for samp-
ling, separation, and identification of PAC (Chiu et al, 1983), perma-
nent gases (Walsh, Chaung, Dutta, Beér, and Sarofim, 1982b), and bed
particles (Walsh et al, 1982a; 1982b).

The AFBC was fired with Kentucky No. 9 high volatile bituminous
coal crushed to minus 6.35 mm. The apparent ASTM rank of this coal
was high velatile B bituminous. Other coal properties are given by
Chiu et al (1983). The bed material was Reed limestone (middle ledge)
crushed to minus 6.35 mm.

The experimental conditions at which the PAC were measured are
listed in Table 1. In the specification of bed heights, sampling
points, etec., the height above the distributor 1is designated by the
symbol z. The top of the fluidized bed is at z = L.. Axial profiles
of temperature and the mole fractions of 02, CO, NO, and CH, are shown
in Figure 1. The freeboard temperature “in this run was 'relatively
low, due to cooling of the combustion products by heat exchanger tubes
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Table 1. Experimental Data

Run Number
Fraction of theoretical eair:

Superficial gas velocity based on average
bed temperature and pressure at z =z 0O:

Minimum fluidization velocity:

Fluidized bed height:

Calcium/sulfur feed ratio:

Solid density of bed char particles:

Solid density of bed stone particles:

Freeboard pressure:

Aver age freeboard temperature from z = 2.C to 3.8 m:
Average freeboard gas velocity from z = 2.0 to 3.8 m:

Mass-based geometric mean size of elutriated
char particles:

Geometric standard deviation of elutriated
char particle size distribution:

Specific surface area-based geometric mean size
of elutriated char particles:

Mass-based geometric mean size of elutriated
stone particles:

Geometric standard deviation of elutriated
stone particle size distribution:

Specific surface area-based geometric mean
size of elutriated stone particles:

Terminal velocity of mean size elutriated
char particles:

Terminal velocity of mean size elutriated
stone particles:

Sherwood numbers of elutriated char and
stone particles

Total flowrate of elutriate:
Mass fraction char in elutriate:
Concentration of entrained char in the freeboard:

Concentration of entrained stone in the freeboard:

K10

1.01

1.20 m/s

0.18 m/s
0.65 m

3.7 kmol/kmol

336 kg/m>

2163 kg/m3
102. 6 kPa
964 K

1.18 m/s
72 pm
1.82

60 wm

74 um
2.67

46 wm
0.012 m/s
0.046 m/s

N2
C.01167 kg/s

0.063

0.00169 kg/m>
0.0260 kg/m3
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located at z = 0.8, 1.0, and 1.2 m. The bed material at the start of
the run was fresh calcined limestone, therefore the ratio of Ca0 to
CaS0, in the bed is much higher than would be present after sufficient
time "had elapsed to achieve steady bed composition.

The mole fractions of some of the PAC identified in samples taken
from the freeboard at z = 1.6, 2.1 and 3.8 m are given in Table 2.
These mole fractions are based on the volume of dry gas sampled.
Table 2 includes all of the compounds which were identified at more
than one height. The PAC mole fractions are plotted vs height above
the distributor in Figure 2. Most of the profiles indicate only net
destruction of PAC in the region of the measurements. There is some
evidence that production of PAC is occurring in the freeboard, and a
hint that there may be a peak mole fraction resulting from the com-
bined production and consumption processes which tends to shift to
longer times (heights) with increasing molecular weight (compare the
profiles of naphthalene, phenanthrene, anthracene, and chrysene 1in

Figures 2a and 2g). However, much significance cannot be attached to
changes in the slopes of the profiles, because the uncertainty in the
reported mole fractions is approximately +100, -50%. Pseudo-first
order rate coefficients, kex , were derived from the mole fractions at
z = 2.1 and 3.8 m: P
dC
PAC
Yo —dz * 'kexp Cpac n
u X
kexp = -3 °_ — ¢ XPAC’2 T, P, zcj % constant 2)
2 1 PAC,1

The definitions of symbols may be found in the Nomenclature. The
values of kexp for the PAC identified at z = 2.1 and 3.8 m are given
in Table 2. Lack of a strong dependence of the experimental rate
coefficients on oxygen, temperature, or compound, and their tendency
to 1increase with 1increasing particle concentration (Lutta et al,
1983), suggested that the PAC destruction process might be hetero-
geneous, with significant resistance from extraparticle diffusion.

Heterogeneous Mechanism for Destruction of PAC

The mechanism of the transformations of PAC in the freeboard
gas/particle mixture is undoubtedly extremely complicated. The inves-
tigations of Bittner and Howard (1981a; 1981b) and Howard and Bittner
(1983) on the reactions of hydrocarbon species in benzene/oxygen
flames give an indication of the magnitude of the problems which may
be encountered in the freeboard gas/particle mixture. Suppose that we
neglect production of a given PAC by char devolatilization, synthesis
from lighter species, or formetion by degradation of heavier species;
and that each PAC is degraded to non-PAC in irreversible, heterogen-
eous reactions with solid species Si:

k )
PAC + Si Péc’l products R1)

we assume that the freeboard gas/particle mixture is in steady plug
flow, and neglect axial dispersion. A rate expression based on this
mechanism is:
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Table 2. Polycyelic Aromatic Compounds Identified at Two or Three.
Heights in the Freeboard

Mole Fractions x109 K (xv)gAC DPAC-N2
(dry basis) exp 3 X 04
Compound z = 1.6m 2.7m 3.8m (Hz) (m°/kmol) (m;
s)
benzofuran 22.5 5.722 0932 2.9 . 109 577
naphthalene 991 324 1.4¢C 3.8 L 14¢ .515
benzo(b) thiophene 112 33.0 .C70 4.3 . 120 .548
quinoline 17.1 2.11 - - - -
2-methylnaphthalene 25.6 8. 81 Loul 2.5 . 161 .79
3-methylbenzo(b)thiophene 2.80 .10 -2 - - -
1-methylnaphthalene 25.0 6.23 .04 3.5 161 479
biphenyl 8§8.1 235.7 182 3.4 7T . 455
ethylnaphthalene 2.65 .90 - - - -
acenaphthylene 45,4 11.2 - - - -
acenaphthene 2.16 .41 - - - -
1-cyanonaphthalene 6.53 1.15 - - - - -
dibenzofuran 4y, 3 19.8 . 108 3.6 . 159 L 475
methyldibenzofuran .76 .59 - - - -
g-fluorenone 10.3 2.50 . 109 2.2 . 195 431
dibenzothiophene 23.8 .49 . 163 2.7 .17C .458
phenanthrene 125 6u.7 . 204 4,0 . 190 . 436
anthracene 9.53 g.43 - - - -
fluoranthene 6.07 14.6 - - - -
benzo(def)dibenzothiophene 2.43 7.34 - - - -
pyrene 4,13 12.0 - - - -
chrysene - 1,09 3.42 . 101 2.4 .240 .385
. , 4
a. In the gas chromatographic separation this compound coeluted with
another compound. The amount indicated is an estimate based on |
the relative intensities of peaks cheracteristic of the two com- ’
pounds in the mass spectrum. A
b. Fuller, Schettler, and Giddings (1966).
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where kEAC ., the effective rate coefficient for the heterogeneous
reaction “§¢#! pAC with solid species 1, contains the sequential pro-
cesses of diffusion of PAC to the surfaces of particles, and the
heterogeneous reaction at the surfaces: ’

[

1
Kpac,i = T T »
6ShiCpac  Kpac,iSi"pac,i
*
T

In order to evaluate this rate coefficient we require estimates of the
concentration, diameter, solid density, and sphericity of each par-
ticle species, and the diffusion coefficients of the PAC.

Freebcard Particle Properties

High particle concentration is an important feature of the free-
board flow, however precise measurements of the particle concentra-
tions are difficult. The problems arise from the facts that 1large
particles (> 300 uym) are moving both upward and downward with distri-
buted velocities; and that small particles (£ 300 uwm), which are
moving primarily upward, have velocities which depend on particle size
and density. Isokinetic sampling of the particles is therefore not
possible. Concentrations of particles in the bed are usually deter-
mined from measurements of differential pressure. This technique can
only be used in the freeboard at low superficial velocity when pres-
sure fluctuations are not large with respect to the changes in pres-
sure due to the presence of particles. This condition is usually not
met during combustion measurements. An alternative, approximate
method for the determination of particle concentrations has been
developed in order to estimate the rates of heterogeneous reactions.

The particles are classified by their terminal velocities into
two groups: large particles (terminal velocities greater than the
mean gas velocity) and small particles (terminal velocity less than
the mean gas velocity). The dependence of the flux of large particles
on height in the freeboard is measured by catching descending parti-
cles in cups placed at several heights above the bed (Walsh, Mayo, and
Eeér, 1983). The concentration of large particles is estimated from
the flux measurements by a method proposed by Walsh, Yokozeki, and
Beér (1982). The basis of this estimate is an assumed initial velo-
city distribution (Gaussian) of particles leaving the bed surface.
For a given particle flux at the bed surface, a given standard devia-
tion of the velocity distribution, and the assumptions of negligible
drag and total reflux; both the flux and concentration of particles at
a given height are uniquely determined. In this way the large parti-
cle concentrations can be estimated from the flux measurements.

The small entrained particles are precipitated by cyclones from
the exhaust, so their flux at the freeboard exit is known. By assum-
ing that they move only upward at a constant velocity equal to the
mean gas velocity minus the terminal velocity of the mean size parti-
cles, their concentration can also be estimated. Errors in this
estimate may arise from:
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1. Cyclone collection efficiency less than 1.

2. SO. and/or CO, reactions with stone and combustion of char in
thé freeboard“and exhaust pipe before the collection point.

3. Refluxing of the small particles down the freeboard wall
(Pemberton and Davidson, 1983).

Probably the most important problem, however, 1is in the 1initial
assumption: that the particles can be divided into two groups having
mean sizes independent of height. The particle size and velocity
distributions undergo continuous evolution from the top of the bed
(and even within the bed itself) to the combustor outlet. A more
detailed calculation can be made by machine computation, but the value
of such an effort is to some extent negated by the lack of experimen-
tal data with which to compare the predictions.

The mass-based particle size distributionsof the stone and char
particles in a sample of the elutriate precipitated in the cyclones

during the present experiment are shown in Figure 3. The mass frac-
tions of stone and char in the elutriate were calculated from the
heating value of the material in each size range. The heating value

of pure char was estimated using LCulong's formula with a composition
derived from the ultimate and proximate analyses of the coel. The
specific surface area-based mean particle sizes were calculated from
the standard deviation and mass-based mean sizes (Irani and Callis,
1963). The sphericity of the entrained stone and char particles was
estimated to be-0.5; their solid densities were assumed to be the
same as those of the larger stone and char particles taken from the
bed. Terminal velocities of the particles were calculated using the
correlation of Pettyjohn and Christiansen (1948). The properties of
the entrained particles are summarized in Tsble 1.

The refluxing particles were assumed to have the same size,

sphericity, and solid density as bed particles. Specific surface
area-based mean sizes of the bed stone and char particles were 780 and
2900 wum, respectively. The mass fraction of char in the bed and

refluxing particles is only C.43 wt %.

Total particle concentrations estimated in the present experiment
by the approximate methods outlined above are shown in Figure 4. The
bed particle concentrations were determined from measurements of
differential pressure, the refluxing particles from the samples col-
lected 1in_ the cups, and the entrained particles from the cyclone
catch. An explanation of the second curve on Figure 4 is given in the
Ciscussion section.

Molecular Diffusion Coefficients of Polycyclic Aromatic Compounds

Experimental measurements of the molecular diffusion coefficients
of PAC are rare. Piffusion coefficients in air at atmospheric pres-
sure have been reported for naphthalene and biphenyl at 298 K, anthra-
cene. at 372 K (Mack, 1925), and biphenyl at 491 K (Gilliland, 1934).
Howard and Bittner (1983) determined diffusion coefficients of heavy
species (W = 200 to 750 kg/kmol) from concentration profiles measured
in a near-sooting benzene/oxygen/argon flame (equivalence ratio 1.8),
in 2 region of the flame where the slopes of the species profiles,
denC/dz, were determined only by diffusion. The pressure in the
flame, and the temperature in the region of the measurements were 2.67
kPa and 1800 K, respectively. Assuming that the species observed were
polycyclic aromatic hydrocarbons, Howard and Eittner estimated their
diffusion coefficients at 300 K from the correlation of Fuller,
Schettler, and Giddings (1966), using the temperature dependence
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derived from the Lennard-Jones 12-6 potential, as recommended bY
Sherwood, Pigford, and Wilke (1975). The approximation given by
Fristrom and Westenberg (1965) to the temperature dependence of the

diffusion collision integral was used. The correlation of Fuller et
al, with this modification, becomes (in SI units):
1/2
1.60x107" 71071 1,
D, = 'a__ "B me/s 5)
AB ~ 2

P[(ZV);/3 + (zv)é/3]

Howard and Bittner (1983) reported good agreement between their exper-
imental diffusion coefficients and those estimated from the modified
correlation. The discrepancies between estimated values and the
experimental values for PAC reported by Mack (1925), Gilliland (1934),
and Howard and Bittner (1983) are % 10 to 15%.

Estimates of the binary diffusion coefficients of PAC in N, using
Equation 5 are listed in Table 2. The procedure given by Fulle? et al
(1966) for the estimation of the molecular diffusion volumes from
atomic diffusion volumes was followed. The volume increment -0.0202
m-/kmol was added for each aromatic and heterocyclic ring, but not for
the ring containing the keto group in 9-fluorenone.

Discussion

An upper limit on the rate coefficient for the surface reaction
can be estimated from the product of the frequency of collisions of
the PAC with unit area of a surface and the particle external surface
area per unit volume of gas:

6)

172
S.n RT 6

K cps < ( P
PAC,i”i"PAC,iPi = ‘2iW M i
J 4 PAC oy 0%d;

Using the entrained particle properties in Table 1 the upper limits
for naphthalene at 964 K are 310 and 100 Hz for the stone and char
particles, respectively.

The rate coefficient for the diffusion process is equal to

6Sh.D
i“PAC . 7

2 pi
*

Using the elutriated particle properties from Table 1 and the diffu-
sion coefficient for naphthalene in N, from Table 2, values of 7 and
2 Hz are obtained for the stone and™ char, respectively. The rate
coefficient for the surface reaction is therefore estimated to be more
rapid than that for external diffusion for values of the sticking
coefficients greater than about C.02. If the sticking coefficient
were sufficiently large, say > 0.1, the experimental rate coefficient
would be approximately equal to the diffusion limited rate coefficient
given by Equation 7.

In general the concentration of particles, p., is a functio% of
height, as shown in Figure 4. However, the quantiiy I6Sh.p./¢.0%d5 is
dominated by the approximately constant concentration of *siall ﬁa}ti-
cles over most of the height of the freeboard under the present condi-
tions, shown by the second curve in Figure 4. We may therefore base
estimates of the diffusion limited rate coefficients from Equation 7
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on the properties of the small particles alone.

The calculated rate coefficients for destruction of PAC by diffu-
sion limited surface reactions on the small stone and char particles
are plotted vs. PAC diffusion coefficient in Figure 5. The rate
coefficient for simultaneous diffusion controlled destruction on both
types of particles is the sum of the values shown for stone and char.
The data points are the experimental rate coefficients determined from
the PAC mole fracticns at z = 2.1 and 3.8 m.

Any values of the experimental rate coefficients which are equal
to, or less than the theoretical upper limit (sum of stone and char
values) are consistent with the model. Since this condition is not
difficult to satisfy the location of the experimental points below the
upper limit is little more than a justification for further testing
and examination of the model. However, the consistency of the data
points (factor of 2) is interesting. If the similarity of the values
of the experimental rate coefficients is not due to significant
diffusion resistance, then the rate coefficients for the net destruc-
tion of PAC by heterogeneous and/or homogeneous reactions are rather
insensitive to molecular structure. The location of the experimental
points between the rate coefficients for diffusion limited reaction on
stone and char is an indication that at least part of the stone is
participating in the reaction. Such a conclusion is not justified
however, considering the assumptions and approximations used in the
model and calculations. The reaction might be occurring only on the
char. If the PAC destruction were only via heterogeneous reactions
the intercept of a line through the data points would be zero at DPAC
= 0. The extrapolated value is approximately 0.7 Hz.

Conclusion

A heterogeneous mechanism for destruction of PAC in the AFBC
freeboard could not be ruled out by comparison with the rates of
disappearance of 2 to U4 ring PAC at one set of operating conditions.
If heterogeneous reactions are, in fact, responsible for PAC destruec-
tion, a more detailed model accounting for production of PAC and
finite rates of the surface reactions may be needed. The relative
importance of stone and char particles can only be determined by
additional measurements over a range of ratios of the char/stone
concentrations., The possibility that only a fraction of the surface
area of each type of perticle is utilized, due to nonuniform surfece
composition, will be difficult to assess. Better spatial resolution
of the PAC profiles is needed.

Acknowledgements

This work was supported by the National Institute of Environ-
mental Health Sciences, National Institutes of Health (Center Grant
No. 5 P30 ES0Z2109). The measurements of PAC were made in conjunction
with other AFBC experiments which are supported by the Office of
Fossil Energy, U.S. Department of Energy (Grant No. DE-FG22-80PC30215)
and by the Tennessee Valley Authority (Contract No. TV-55783).

The authors thank Professor J.B. Howard for helpful discussions
of his determination of diffusion coefficients from the flame measure-
ments. We are indebted to Professor J.P. Longwell for his suggestion
that interactions of PAC with particles might be a significant deter-
minant of the PAC concentrations in the freeboard. The responsibility
for the accuracy of the analysis, however, rests entirely with the
authors. We are grateful for the assistance of James R. Byrd of the

258




Tennessee Valley Authority, Chattanocoga, in supplying the coal, lime-
stone, and analyses of the particle samples. We thank Ms. Bonnie
Caputo of the MIT Energy Laboratory for patiently and expertly typing
the drafts and final manuscript.

Nomenclature
RAASLAE LA 1 6

Cj concentration of gaseous species Jj, kmol/m3
di specific surface area-based geometric mean diameter of particles
i, m

Dpp binary diffusion coefficient, m2/s

DPAC diffusion coefficient of PAC in the freeboard gas, assumed to be
eaual to Dppc_y » me/s

kexp experimental first order rate coefficient, Hz

kj,i rate coefficient for surface resction of gaseous species j with
particles i, m/s

kﬁ,i effective first order rate coefficient for heterogeneous reac-
tion of gaseous species j with particles i, Hz

Lf fluidized bed height, m

P pressure, Pa
gas constant = 8314 J/kmol.K

i BET specific surface area of particles i, mz/kg

Shy Sherwood number for particles i, dimensionless

T temperature, K

u, superficial (empty tube) gas velocity, m/s

W. molecular weight of species j, kg/kmol

X mole fraction of gaseous species j, dimensionless

2 height above air distributor, m

"j,i effectiveness factor for reaction of gaseous species j with
particles i, dimensionless

o3 concentration of particles i, kg/m3

p; solid density of particles i, kg/m

¢ sphericity of particles i, dimensionless

(zv)‘j sum of atomic diffusion volumes for molecules of gaseous species
j, m3/kmol

References

Beér, J.M., Sarofim, A.F. Sandhu, S8.S., Andrei, M., Bachovchin, D.,
Chan L.K., Chaung, T.Z., and Sprouse, A.M., 1981, NO  Emissions from
Fluidized Coal Combustion, Final Report under Grant "No. RE0497802¢,
U.S. Environmental Protection Agency, Research Triangle Park, NC.

Bittner, J.C., and Howard, J.B., 1981a, Pre-Particle Chemistry in Soot
Formation, 1In: Perticulate Carbon Formstion During Combustion, [C.C,.
Siegla and G.W. Smith, eds., Plenum Press, NY, pp. 109-1%47.

259




Bittner, J.D., and Howard, J.B., 1981b, Composition Profiles and
Reaction Mechanisms in a Near-Sooting Premixed Benzene/Oxygen/Argon
Flame, Eighteenth Symposium (International) on Combustiocn, The Combus-
tion Institute, Pittsburgh, PA, pp. 1105-1116.

Chiu, K.S., Walsh, P.M., Beer, J.M., and Biemann, K., 1983, Polycyclic
Aromatic Compounds in Fluidized Bed Combustion of Bituminous Coal,
Subbituminous Coal, and 0il Shale. In: Polynuclear Aromatic Hydro-
carbons: Combustion Processes, Environmental Effects, and Biochem-
istry, Fattelle Press, Columbus, OH.

Dutta, A., Chiu, K.S., Walsh, P.M., Beér, J.M., and Biemann, K., 1983,
The Rates of Methane and Naphthalene Destruction in the Freeboard of a
Fluidized Bed Coal Combustor, American Chemical Society, 185th
National Meeting, Seattle, WA, March 20-25, LCivision of Environmental
Chemistry, Extended Abstract.

Fristrom, R.M., and Westenberg, A.A., 1965, Fleame Structure,
McGraw-Hill, NY, p. 276.

Fuller, E.N., Schettler, P.D., and Giddings, J.C., 1966, Industrial
and Engineering Chemistry, 58, No. 5, 19.

Gilliland E.R., 1934, Industrial and Engineering Chemistry, 26, 681.
Howard, J.B., and Eittner, J.D., 1983, Structure of Sooting Flames,

In: Soot Formation in Combustion Systems and Its Toxic Properties, J.
Lahaye, ed., Plenum Press, NY.

. T . .
e YMessurement,

Irani, R.R., and <Callis, C.F., 1963, Par
Interpretation, and Application, Wiley, NY, p

Mack, E., 1525, J. Am. Chem. Soc. 47, 2u68.

Pemberton, S.T1., and Davidson, J.F., 1963, Elutriation of Fine Parti-
cles from Bubbling Fluidized Beds, Fourth International Conference on
Fluidization, Kashikojima, Japan, kay 29 ~ June 3.

Pettyjohn, E.S., and Christiansen, E.B., 1948, Chem. Eng. Prog. L4,
157.

Sherwood, T.K., Pigford, R.C., and Wilke, C.R., 1975, Mass Transfer,
McGraw-Hill, NY, p. 1§.

Walsh, P.M., Chaung 1.Z., Cutta, A., Beér, J.M., and Sarofim, A.F.,
1982a, Particle Entrainment and Nitric Oxide Reduction in the Free-
board of a Fluidized Coal Combustor, American Chemical Society, Divi-
sion of Fuel Chemistry, Preprints, Vol. 27, No. 1, pp. 243-261.

Walsh, P.M., Chaung, T.Z., Dutta, A., Beér, J.M., and Sarofim, A.F.,
1982b, Nitric Oxide Reduction in the Freeboard of a Fluidized Bed Coal
Combustor, Nineteenth Symposium (Internztional) on Combustion, The
Combustion Institute, Pittsburgh, PA, pp. 1281-1289.

Walsh, P.M., Yokozeki, A., and Beér, J.M., 1982, Unpublished work.

Walsh, P.M., Mayo, J.E., and EBeér, J.M., 1683, Refluxing Particles in
The Freeboard of a Fluidized Bed, American Institute of Chemical

Engineers, 1983 Annual Meeting, Washington, DC, Cctober 30 - November
y,

260

h, ——

e e Cmea N

NG R,




*pJaBOQeaJj pu2 pPagq aya ur IysIdy " SA (sTseq Lap)

satoads snoassed yBIT JO suoTqa0oB4] STow pue 3aaniedadway 84n81y
(W) Jo04nqiiysiq 3aoqo jybray
v e 4 | o] v < 4 | 0
_ | _ T 20 o oL o T T %0
_ o |
| I o
°© o0 o | — °1 —foool
- o e — 0001 _
<
! o !
o]
° ° L | o000z
| o 3 PH) _
— o 00002 3 _
02 | lo©
o | | _ _ [ | —000¢
! i
_ | _ L | _
T 000% ~ | _ | 0
47 |
_ _ L 0 W o] |
_ _ | +. (¢] o OO_OO
| 0 0o "
— —ol
| |
=l ©° o 5 | —joos = | 20 -
o ) !
o} | o i
o “ 3 _ _ _ { “ 602
| 3 ‘a
— o -0000!I -
_ L] ] _ Iy Joos
ON o | °o6 ° o ° _
# © — ©o0g”0 “ —oool
1 %o
— | | | o —oog! - : | . dooZoon
1

- g ~ T A N~ -~ ~

wdd 3jon

30N

Yo

)

261

|



*paeoQaaJdJ ayjz ur 3yBray - SA
(stseq A4p) spunoduwod d1jBWOJE OTITJA2ATod jJo €uorloed] dTO0y "2 94n3d1y

(w) HoLN8IdLSIQ 3A08Y LHOI3H

14 ¢ 4 | |4 e 4 | |4 € 4 | |4 € 4 |
I 1 T 1 T I I T I I | T T I ___.O_
I 10 0o || @0
QO <
i 00 || i / i
Cr! cve) i

Nl

(u) {6) @ (1)
[ ]

(P (E).

NOILIVY4 370N

NOILDO VY4 370N

262



Figure

o o S}
-_ n w

o
[

PARTICLE CONCENTRATION (kg/m?3)
S

Figure 4.

S
n

3.

MASS FRACTION LESS THAN

98—

.90~

70~

50

.10

O CHAR

MEAN 72um
DEVIATION 1.82

]

sToNE A\
MEAN 74p.m

DEVIATION 2.67

1

]

30

Size

60
PARTICLE SIZE (um)

100

200 300

@)

BED

V REFLUXING

A ENTRAINED

(@]

2

3

4

HEIGHT ABOVE DISTRIBUTOR (m)

distributions of elutriated char and stone.

Particle concentration vs. height in the bed and freeboard.

263



*spunodwod o132WOJE OTTOAD
-ATod 9Yy3 JO S3USTIODIJJS0D UOTISNJJIP JEBINO3TOW PIJBUIISS
*SA S3USIOTJJI0D 33Bd JABPUO 3sJTJ~opnasd Hmu:wsﬂgwaxm

"G 94an81y

(pO01 X S/ W) INJIDI44300 NOISN441d QI LVNILS3

09 11°) 0¢S Sv

ov

3INOLS

(ZH) LN310144300 3LvY TVLNINIYILX3

264



